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Cholesterol Is Found To Reside in the Center of a Polyunsaturated Lipid Membrane
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ABSTRACT: Previously, we reported neutron diffraction studies on the depth of cholesterol in phosphati-
dylcholine (PC) bilayers with varying amounts of acyl chain unsaturation [Harroun, T. A., et al. (2006)
Biochemistry 45, 1227—1233]. The center of mass of the 2,2,3,4,4,6-D¢ deuterated sites on the sterol
label was found to reside 16 A from the middle of the bilayer in 1-palmitoyl-2-oleoylphosphatidylcholine
(16:0-18:1PC), 1,2-dioleoylphosphatidylcholine (18:1-18:1PC), and 1-stearoyl-2-arachidonylphosphati-
dylcholine (18:0-20:4PC). This location places cholesterol’s hydroxyl group close to the membrane surface,
indicative of the molecule in its commonly understood “upright” orientation. However, for dipolyunsaturated
20:4-20:4PC membranes the label, thus the hydroxyl group, was found sequestered in the center of the
bilayer. We attributed the change in location to the high level of disorder of polyunsaturated fatty acids
(PUFA) that is incompatible with proximity to the rigid steroid moiety in its usual upright orientation.
From that study, the unresolved question was whether the molecule was inverted or lying flat with respect
to the membrane plane, in the middle of the bilayer. We have followed up those results with additional
neutron experiments employing [25,26,26,26,27,27-D;]cholesterol, a deuterated analogue labeled in the
tail. These diffraction measurements unequivocally show cholesterol lies flat in the middle of 20:4-20:

4PC bilayers.

Polyunsaturated fatty acids (PUFA)' constitute a biologi-
cally influential group of molecules whose physiological
importance is becoming well established (/). High levels,
sometimes exceeding 50 mol %, are found in the phospho-
lipids of specialized membranes where their depletion impairs
function (2). Neural membranes that accumulate phospho-
lipids enriched in arachidonic (20:4) and docosahexaenoic
(22:6) acids are the chief example. In retinal membranes,
for instance, PUFA are particularly abundant, and nearly 30%
of phosphatidylcholines (PCs) isolated from bovine rod outer
segments are dipolyunsaturated (3). A multitude of disease
states and chronic conditions are alleviated by dietary
consumption of PUFA that elevates the modest concentration,
usually less than 10 mol %, of PUFA-containing phospho-
lipids in the plasma membrane (/). While interest in the topic
has centered on the omega-3 class of PUFA lipids, it has
also spanned a variety of human health issues, including
PUFA-associated effects on protein signaling in inflammation
and cancer (4), arteriosclerosis (5), and suppressive effects
on the immune system (6). The efficacy of PUFA has been
attributed to the formation of membrane domains enriched
in PUFA-containing phospholipids (2, 6—10). According to
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this model, the high level of disorder of PUFA provides a
local environment necessary for protein function.
Cholesterol is an essential component of mammalian cells
and is either obtained from foods of animal origin (e.g., milk,
cheese, meat, eggs, etc.) or synthesized in the endoplasmic
reticulum (/7). It is required for building and maintaining
cell membranes, regulates their fluidity, and may act as an
antioxidant (/2). Recently, cholesterol has also been impli-
cated in cell signaling processes, where researchers have
suggested that it forms lipid rafts in the plasma membrane
(13, 14), and has also been found to reduce the permeability
of the plasma membrane to sodium and hydrogen ions (/5).
Aside from cholesterol’s many physiological roles, what
is also becoming clear is its poor affinity for lipids containing
unsaturation as opposed to saturated lipids that can more
readily form domains with a higher level of conformational
order (/6-20). This unequal affinity for cholesterol has also
been implicated in sorting different lipid species into
membrane domains (27). Lipid rafts that serve as the platform
for signaling proteins in the plasma membrane have received
the most attention over the past decade (22-24). They are
liquid ordered (lo) regions enriched in cholesterol and
sphingolipids that possess predominantly saturated fatty acid
(SFA) chains for which the sterol has high affinity. On the
other hand, liquid disordered (ld) domains enriched in
polyunsaturated phospholipids from which cholesterol is
excluded by its aversion for PUFA, represent the opposite
extreme that is much less well understood (6, 9, 10). To
elucidate the details of the molecular interactions of choles-
terol with PUFA, we have looked at the effect of polyun-
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FIGURE 1: Deuterium label positions of cholesterol. The previous
study involved the 2,2,3,4,4,6-Dg hydrogen near the hydroxyl group
on the steroid moiety, while the current study uses a
25,26,26,26,27,27,27-D7 acyl tail label.

Tl

6

saturation on the depth to which cholesterol penetrates the
membrane (25).

In our study, we used neutron diffraction to locate the
depth of cholesterol’s hydroxyl group in model membranes
with varying amounts of acyl chain unsaturation. With
selective deuterium labeling of the 2,2,3,4,4,6-D¢ hydrogen
near the hydroxyl group on the steroid moiety (Figure 1),
and neutron crystallographic techniques, it was possible to
locate the center of mass of the label within the membrane
directly, and unambiguously. In bilayers composed of PC
molecules with a saturated acyl chain at the sn-1 position,
or a monounsaturated acyl chain at both the sn-1 and sn-2
positions, the “top” of the steroid moiety resides 16 & 1 A
from the bilayer center. This value corresponds to the location
previously measured for cholesterol in its widely understood
“upright” orientation in which the hydroxyl group sits near
the aqueous interface, while the short hydrophobic tail
extends toward the middle of the bilayer (26). However, in
a dipolyunsaturated 20:4-20:4PC bilayer, when the entire
hydrocarbon matrix consists of PUFA chains, our measure-
ments indicate that the cholesterol steroid structure relocates
to the center of the bilayer.

In this follow-up study, we resolve the remaining question
of whether the change in cholesterol’s organization in 20:
4-20:4PC involves the molecule inverting, or a sequestration
to the bilayer midplane. Using the same methods that were
used previously, we used cholesterol with specific
25,26,26,26,27,27,27-D; deuterium labeling at the “bottom”,
or tail end, of the molecule (Figure 1). Together with the
depth of the hydroxyl group, this information will establish
the orientation of the long axis of the molecule with respect
to the bilayer plane. Here we show that the tail of cholesterol
resides at the center of the bilayer in both mono- and
polyunsaturated PC lipids.

EXPERIMENTAL PROCEDURES

The methods of sample preparation and neutron diffraction
follow exactly those described previously (25). PC lipids
were purchased from Avanti Polar Lipids (Alabaster, AL)
and tested for purity by TLC prior to use. The lipids studied
were of the form 1,2-diacyl-sn-glycero-3-phosphatidylcho-
line, namely, dioleoyl (18:1-18:1PC) and diarachidonoyl (20:
4-20:4PC). Sigma (St. Louis, MO) and CDN Isotopes
(Pointe-Claire, QC) were the sources of unlabeled cholesterol
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and selectively deuterated [25,26,26,26,27,27,27-D7]cho-
lesterol, respectively.

All preparations of aligned multilayer samples were carried
out in a helium-filled glovebox. Employing this precaution,
necessary for the PUFA-containing phospholipids susceptible
to peroxidation, reproducible results were obtained through-
out data collection. Samples were checked for an absence
of odor (a sensitive indicator of sample degradation) before
and after data collection. During data collection, the repeat
spacing was also monitored for gradual, irreversible changes.
Sample purity, if suspect, was assessed for degradation by
TLC to identify whether trace impurities (> 1%) were present
as would be implied by observation of more than a single
spot. A total of 12 mg of phospholipid with 10 mol %
cholesterol was codissolved in a chloroform/trifluoroethanol
mixture (3:1). The solution was deposited on a silicon crystal
substrate, and the solvent evaporated while the sample was
gently rocked. The sample was then placed in a vacuum for
~2 h to remove traces of the solvent.

Neutron diffraction data were recorded at the Canadian
Neutron Beam Centre’s N5 beamline, located at the National
Research Universal (NRU) reactor (Chalk River, ON), using
2.37 A wavelength neutrons. The appropriate wavelength
neutrons were selected by the (002) reflection of a pyrolytic
graphite (PG) monochromator, while a PG filter was used
to eliminate higher-order (i.e., A/2, etc.) reflections. The
samples were equilibrated, at room temperature, in a humid
helium atmosphere for several hours and kept at 24.0 + 0.5
°C during data collection. Samples were hydrated at fixed
humidities using saturated salt solutions of KCI [84% relative
humidity (RH)], KNOs (94% RH), and K,SO4 (97% RH)
with 8 and 30 mol % D-O.

Data correction and reconstruction of the bilayer profile
proceeded as outlined previously (25). Briefly, the method
takes the integrated area of the peak intensities for each order
I, and corrects for neutron absorption (Cys), geometry of
beam and sample widths (Cpqyx), and the Lorentz factor (Croy),
resulting in the discrete structure factors |F,l> = CpyxCror
Cansli. The corrections are given by

Cu = 1/erf[L—SiE(9) ()
8o
C, = sin(20) )
a2t
Con=0/(1=e™), a=i 3)

where u is the absorption coefficient, ¢ is the sample
thickness, o is the width of the beam, and L is the sample
width. The absorption coefficient can be calculated alongside
Fy, using the total neutron cross section (rather than just
the coherent scattering cross section), the chemical composi-
tion (with 10% water by mass), and the assumption of a mass
density of 1 g/cm 3. The sample thickness can be estimated
from the amount of material applied to a substrate of known
area, and assuming an area per lipid of ~50 A2 All the
corrections depend on the scattering vector g = 4 sin(6)/4
= 2mhl/d, where A is the neutron wavelength, 6 is the
scattering angle, d is the unit cell size, and 4 is the Bragg
order.

Although data were quantitatively similar to previous
measurements, control samples of unlabeled cholesterol were
again measured. This allows for slight differences in
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Table 1: Measured Structure Factors for Membranes That Contain Deuterium-Labeled Cholesterol (B) and Protonated Cholesterol (A), under Different

Hydration Conditions®

18:1-18:1PC with 8% D,O

A

20:4-20:4PC with 30% D,O

20:4-20:4PC with 8% D,O

Fp OF, Fr OF), Fr OF,
F —2.599 0.082 —5.027 0.11 —2.356 0.09
F> —0.955 0.078 —0.824 0.09 —2.594 0.07
F3 0.515 0.078 0.215 0.09 0.809 0.07
Fy —0.278 0.078 0.096 0.09 0.0 0.0
Fs —0.078 0.078 0.0 0.0 0.0 0.0
B
18:1-18:1PC with 8% D,O 20:4-20:4PC with 30% D-O
Fj, OF) FP OF,
F, —1.824 0.072 —4.192 0.09
F> —0.787 0.072 —0.327 0.07
F3 0.535 0.072 0.280 0.07
Fy —0.172 0.071 0.0 0.0
Fs —0.060 0.071 0.0 0.0
“ These structure factors were used in eq 5 to reconstruct the neutron scattering length density (SLD) profiles in Figures 3-5.
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FIGURE 2: Demonstration of the phasing of structure factors of the
unscaled data. For both cases, the unlabeled sample data are shown.
The circles are the corrected but unscaled structure factors, and
the solid line is the fit of eq 2 at the interpolated unit cell repeat
spacing given in Table 2. At the three humidity values of 84, 94,
and 97%, the 18:1-18:1PC repeat spacing was measured to be 51.2,
52.8, and 55.1 A while the 20:4-20:4PC repeat spacing was 45.1,
46.3, and 48.5 A, respectively.

instrumental setup, which affect the resolution of the data
and the width of the diffraction peaks. Typically, three to
five individual structure factors (F},) were measured, which
appear in their final, corrected, and scaled form in Table 1,
leading to a canonical resolution Ap,/d of ~10 A.

Data collected on the two labeled and unlabeled samples
can be compared only after certain factors are taken into
account. First, the unit cell size must be the same for the
two samples. The amount of hydration is sensitive to slight
variations in humidity, and although the RH was rigorously
controlled by saturated salt solutions and temperature,
variations in the measured unit cell size change due to
random noise by 0.2 A (27, 28). This leads to small random
errors in the measured structure factor amplitudes, especially
for first- and second-order Bragg reflections, which can be
minimized in the analysis in a couple of ways. First, one

Distance from bilayer center (A)

FIGURE 3: SLD difference profiles between labeled and unlabeled
samples of 10 mol % cholesterol in 18:1-18:1PC. The origin of
the abscissa is the center of the bilayer. The calculated SLD profiles
have a spatial resolution /,,/d of ~10 A and contain characteristic
features. The negative dip at the center is from the terminal methyls,
and the broad, positive peaks are due to the glycerol ester through
phosphate regions. The bilayer thickness is defined as the distance
between the maxima of the two peaks (x> = 0.84).

can measure the same sample with the same RH conditions,
but different ratios of D,O to H,O. It has been shown that
with this isotopic replacement method, each structure factor
scales linearly as a function of D,0O concentration (29). From
a straight line fit of the data, a new regularized structure
factor can be obtained at a chosen D,O concentration,
effectively reducing noise by averaging across several
measurements of the same sample. An additional advantage
is increased confidence in the phasing of structure factors
as odd and even values of the Bragg order peak s have
opposite signs for the slope.

An alternative method, and the one used for this experi-
ment, is to take several measurements at 8% D,O (null
neutron SLD), under different RH conditions (30). Despite
the change in unit cell size, as water enters and exits the
interbilayer spaces no SLD is being added or removed.
Furthermore, across the range of RHs we are measuring, we
assume only small, adiabatic structural changes are occurring
within the bilayer. Thus, all the measured structure factors,
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FIGURE 4: SLD difference profiles between labeled and unlabeled
samples of 10 mol % cholesterol/20:4-20:4PC bilayers under 30%
D,O hydration conditions. The bilayer orientation is the same as
in Figure 3. The broad peak at the center in gray is the measured
distribution of the tail-labeled cholesterol, while the dashed curve
is a fit with a single Gaussian function (y> = 1.17).

regardless of RH, can be fit to the same continuous form
factor which is given by Shannon’s theorem (37)

sin[t(gd — h)]

qd — ) @

Jtmax
Fg)=2F,
where F) values are all of the measured structure factors.
This method has the advantage of regularizing across all
measurements of the same sample, simultaneously, and the
determined continuous form factor is correct for any
interpolated value of d. Phasing the structure factors can be
accomplished as the continuous form factor of eq 4 must
vary in a smooth, oscillatory way with hydration. Incorrect
phase assignments are clear with inspection as an irregular
change in the oscillations of the full form factor F(q) (30, 31).
Results of fitting eq 4 to the corrected but unscaled data at
the various measured hydration levels are shown in Figure
2.
The neutron SLD profile p(z) for a given sample can be
constructed with the Fourier transform of the structure factors
as follows:

Bmax

00 = Fy+ 23 F, cos(2zh/d) 5)
h=1

where z is the distance along the bilayer normal and Fj is
the calculated SLD of the entire unit cell per mole of sample,
given in units of A= mol~!. We find that placing the data
on a SLD per mole basis, rather than the more common per
lipid basis, is easier, especially for situations in which there
are three or more system components. The difference
between labeled (A) and unlabeled (B) samples can also be
calculated with eq 5 using the difference in the structure
factors:

F,=F)—F) (6)

as long as the structure factors for the labeled and unlabeled
experiments can be placed on the same relative scale. Ideally,
both data sets would be placed on the absolute scale of SLD,
by multiplying the unscaled measured structure factors, Fy,
by an experimental constant k* that takes into account the
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Table 2: Measured and Calculated Structural Parameters for
[25,26,26,26,27,27,27-D7]Cholesterol*

18:1-18:1PC  20:4-20:4PC

repeat spacing (A) 51.5 46.2

bilayer thickness A) 35.2 28.2

25,26,26,26,27,27,27-D7 label depth (A) 0.0 & 0.0 0.0£0.0
25,26,26,26,27,27,27-Dy label width (A) 7.8 &+ 0.6 6.6+0.3
2,2,3,4,4,6-Dg label depth (A)” 164 + 0.3 0.0+0.0
2,2,3,4,4,6-Dg label width (A)” 42 +0.2 6.5+0.3
water layer Gaussian width A) not available 6.3+0.6
water layer Gaussian center (A) not available 19.940.3

“The bilayer thickness is defined as the peak-to-peak distance of the
bilayer SLD profiles shown in Figure 3. The center and width of the label
locations are determined from the Gaussian peak fits to the difference
SLD profiles such as shown in Figure 3. The results of the previous
study with [2,2,3,4,4,6-Dg]cholesterol are included for completeness. The
values listed here, and shown in subsequent figures for 18:0-18:0PC are
for 84% RH conditions, and 20:4-20:4PC are for 94% RH conditions.
b From ref (25).

experimental conditions. The scaled structure factors used
in eq 6 are then given by

Fr=KFY (7

However, the unknown experimental constant k also depends
on the amount of sample in the beam and, thus, is different
for the labeled and unlabeled samples.

Strategies for scaling the independent measurements of
two samples whose only expected difference in SLD is
through isomorphous replacement have recently been dis-
cussed by Han et al. (28). The method used here, and in the
previous experiment, is similar in every regard to those
methods. First, we expect that the SLD distribution of the
label to be described by a Gaussian function centered at Z,
of 1/e width o and of SLD area A. The calculated structure
factors for the label distribution only are then given by

F,=2Ae "V cos(2mhz/d) ®)

To scale A to B, we use a point far from where we believe
the label to be, 7, and insist that the SLD profiles overlap in
this region; p*"(z") = p®'(z’). The experimental constant k*
then scales A to B in such a way that simultaneously
minimizes the difference between the measured (eq 6) and
calculated structure factors (eq 8). We can further set the
value of the label area A to be equal to (F§ — Fo)d ~ 0.4 x
1077 x d A~' mol~!. This number is determined with the
expected isotopic compositions of the labeled and unlabeled
samples, and using the neutron scattering length of —3.741
x 107 m for 'H and +6.671 x 105 m for ?H. The neutron
scatting length is a measure of the nuclear force interaction
of the neutron and the atom’s nucleus and is related to the
scattered amplitude of the neutron wave. This further puts
both data sets into a “true” absolute scale, with the guarantee
that

[ o) de=Fd )

If we pick z” wrongly, the scaling will not work; either
the difference SLD profile will not show any kind of
Gaussian-like peak, or there will be negative scaling factors.
This is the situation encountered by Han et al. (28) with some
of their data. Our encounter with this phenomenon will be
discussed below. It should be pointed out that this method
works very well on the “control” data of 18:1-18:1PC, where
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the location of cholesterol is well-known, and which serves
as a self-consistent, internal check.

RESULTS AND DISCUSSION

Figure 3 shows the scattering length density (SLD) profiles
of 18:1-18:1PC containing 10 mol % unlabeled cholesterol
or [25,26,26,26,27,27,27-D7]cholesterol. The light curve with
a maximum at the center is the difference in SLD between
these two samples, while the dashed curve is a fit of a single
Gaussian function to this peak. The full SLD profile of the
sample with unlabeled cholesterol corresponds extremely
well with the previously published data of Harroun et al.
(25).

The origin of the abscissa is the centro-symmetric center
of the unit cell, corresponding to the center of the bilayer,
while the interlamellar water is found at the edges of the
unit cell. The maxima in the SLD correspond to the combined
glycerol ester and phosphate regions of the lipid bilayer and
are very similar in both the labeled and unlabeled cholesterol
membranes. Values for the bilayer hydrophobic thickness,
defined by the distance between these peaks, are presented
in Table 2. The negative dip in SLD, located at the bilayer
center, is due to the disordered terminal methyl groups of
the acyl chains. The curves differ the most in this region,
where the curve representing the deuterium-labeled choles-
terol has a higher, less negative value. This difference curve
represents the distribution of hydrogen on the terminal
methyls of the cholesterol.

At the edges of the unit cell, the SLD does not go strictly
to zero, as might be expected for null scattering water. In
fact, swelling experiments with 18:1-18:1PC using 0 and 8%
D,0 have shown that the SLD at the unit cell edges can
have significant positive values (30). The penetration of the
choline into this region is substantial, and it is unlikely there
will be any region that is lipid-free, bulk water.

The distribution appears to consist of two peaks, a central
peak located at z = 0 A and a pair of smaller satellite peaks
at z& +10 A. It is debatable whether the outer peaks are
real, corresponding to a second distribution of the choles-
terol’s deuterium label, or an artifact of a truncation error in
the Fourier series. Such systematic errors can also be seen
in the previous experiment, as shown in Figure 3 of Harroun
et al. (25). Subtraction of the SLD curves is performed in
reciprocal space, and a large number of structure factors
(large hmax) in eq S is required to accurately represent a
smooth Gaussian distribution function in real space, much
more than is typically measured. This leads to a truncation
in the Fourier series which manifests itself in undulations
around the central peak of the distribution, like what was
seen and discussed recently by Ruettinger et al. (32). Thus
when we fit a Gaussian distribution function to the difference
profile, since fitting is also performed in reciprocal space
directly on the measured structure factors (33, 34), we focus
on only the central peak. It should be pointed out that the
peak area of the difference curve (Figure 3) appears much
larger than the reported values shown in Table 2. The reason
is the unit cell’s mirror symmetry, where atoms in one half
of the unit cell are reflected across the center (and edges) of
the unit cell. Therefore, atoms, or groups of atoms, repre-
sented by distribution functions close to the center (or near
the edges) of the unit cell are amplified by their mirror

Harroun et al.
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FIGURE 5: SLD difference profiles between unlabeled samples of
10 mol % cholesterol in 20:4-20:4PC under 8 and 30% D,O
hydration conditions. The bilayer orientation is the same as in Figure
3. The gray line is the measured interbilayer water profile, and the
dashed line is a fit with a single Gaussian function. Fitting is
performed in reciprocal space by taking the difference in the
measured structure factors.

conjugates. With this in mind, we placed the data on an
absolute scale requiring the proper area of the difference SLD
profile be equal to the scattering length of the label, as
mentioned above.

In the case of 20:4-20:4PC, due to time and sample
constraints, it was not possible to obtain data for the labeled
cholesterol under all 8% D,O conditions. Nevertheless, we
did acquire good data for 30% D,O labeled and unlabeled
samples, as well as 8% D,O conditions for the unlabeled
sample. With these data, we can still determine the label
distribution from the difference in the 30% D,O data. We
explain this because such data, shown in Figure 4, are largely
featureless and interpretation of the SLD curve is less
obvious. It is often preferable to present data taken under
8% D->0O conditions, since the entire SLD curve is due to
bilayer structure, only, and the contribution to the scattering
from interlamellar water has been removed.

Figure 5 shows the data for 20:4-20:4PC with 10 mol %
unlabeled cholesterol, under 8 and 30% D-,O conditions.
Again, the light curve, with maxima at the unit cell edges
and a value of ~0 at the center, is the difference between
the two sample conditions, while the dashed curve is the fit
of a single Gaussian function. The 30% D,O curve is
dominated by the SLD of the water near the edges of the
unit cell, whereas the 8% data are quantitatively similar to
those depicted in Figure 2 of Harroun et al. (25). The
hydrophobic core of the bilayer, since it excludes practically
all water, is the same in both cases. Thus, when the curves
are matched together and subtracted, the result is the
distribution of interlamellar water in the unit cell.

After all of the 20:4-20:4PC data (Figures 4 and 5) were
placed on an absolute scale according to the SLD area of
the cholesterol label, the SLD area of the water distribution
was fit and found to be ~1.5 x 1077 x d A~2 mol~!. If we
assume that the water mass is ~10% of the total sample
mass, a reasonable assumption for 94% relative humidity,
then we calculate that the difference in total SLD of the
sample between 30 and 8% D,O should be 1.7 x 1077 x d
A=2mol ™!, in good agreement with the measured value and
good evidence that the scaling has been properly performed.
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The width and center of the Gaussian fit to the water
distribution are included in Table 2.

Figure 4 shows data for 20:4-20:4PC bilayers with 10 mol
% labeled and unlabeled cholesterol, both hydrated with 30%
D,0. As with 18:1-18:1PC, the match in the lipid headgroup
and water region is good, with the biggest difference being
the bilayer center. The light curve centered at the origin is
the difference profile. The distribution is described well by
a single Gaussian function, while undulations, due to
truncating an infinite Fourier series (eq 5), are also seen.

Thus, for both 18:1-18:1PC and 20:4-20:4PC, the tail of
cholesterol is found to be in the center of the bilayer. When
combined with the previously published data of Harroun et
al. (25), we can reasonably deduce cholesterol’s orientation
in each bilayer. In 18:1-18:1PC, cholesterol is upright in its
canonical orientation, with its hydroxyl group at the
water—lipid interface and its acyl tail at the bilayer center.
In the case of 20:4-20:4PC, where a single peak at the middle
of the bilayer is seen with headgroup- and tail-labeled sterol,
the molecule lies parallel to the plane of the bilayer
sequestered between leaflets within the lipid matrix.

Cholesterol’s reorganization in the dipolyunsaturated
membrane is accompanied by a change in molecular
mobilization. The width of the label distributions in Figures
3 and 4 represents the time- and sample-averaged fluctuation
amplitude of the label in the direction normal to the bilayer
plane. Thus, a gross picture of the overall mobility of
cholesterol can be understood from the distribution widths.
For the normal, upright cholesterol orientation in 18:1-18:
1PC, we find that the hydroxyl headgroup of cholesterol is
motionally constrained to an ~4 A region at the water—lipid
interface (25), while the disordered tail is freer to explore a
larger (~8 A) region (Figure 3). Thus, the overall depth of
cholesterol in 18:1-18:1PC bilayers is fairly restrained. The
comparative freedom of the tail is expected, since it resides
in a much more flexible region of the membrane.

For 20:4-20:4PC, the entire sterol is now solvated at the
same depth in the lipid acyl chain matrix. Thus, we find that
both the headgroup (results from ref 25) and tail (results
shown in Figure 4) experience a 6.5—6.6 A range of motion.
Since all of the molecule finds itself in a single environment,
it is likely that the label distributions represent whole body
motion. What cannot be determined from the neutron
scattering data is whether cholesterol undergoes much axial
rotation or whether the plane of the flat steroid ring is
coplanar with the bilayer plane. The answer is found in our
previously reported D NMR spectra for [3a-D,]cholesterol
incorporated into 20:4-20:4PC (16, 18). Those spectra are
powder patterns characterized by two intense peaks split by
Av, = 37 kHz, symptomatic of anisotropic reorientation that
is fast on the D NMR time scale (~107% s). The alignment
of the molecule cannot be ascertained from the NMR data
because the samples were aqueous multilamellar dispersions
composed of bilayers randomly distributed in orientation
relative to the magnetic field. All of these data are shown
schematically in Figure 6.

We have hypothesized that aversion of cholesterol to
PUFA promotes the formation of domains rich in polyun-
saturated phospholipids from which the sterol is depleted
and the segregation of the sterol into raftlike domains
enriched with saturated sphingolipids (9, 35, 36). Support
for this hypothesis has come from solid state NMR, DSC,
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FIGURE 6: Schematic depiction of the location of cholesterol in 20:
4-20:4PC membranes. The molecule is found by neutron diffraction
to reside at the center of the bilayer and to be motionally constrained
to £6 A of whole body motion. At the same time, the molecule
also undergoes fast axial rotation, as determined by D NMR spectra.

and detergent extraction experiments. The findings from the
neutron diffraction work reported here suggest that the poor
affinity for PUFA may affect the transmembrane, as well as
the lateral, distribution of cholesterol. A tendency to sit at
the center of the PUFA-containing membranes, tipped over
from the usual orientation where the hydroxyl group of the
steroid moiety is anchored at the aqueous interface, would
facilitate the flip-flop of sterol from one side of a membrane
to the other. Indeed, enhanced rates of flip-flop were observed
for cholesterol in recently published coarse-grained simula-
tions that identified the presence of the sterol embedded
between monolayers of arachidonic acid-containing PC
bilayers (37). In plasma membranes, sphingolipids are
primarily located in the outer monolayer (23), whereas PUFA
are preferentially incorporated into phospholipids, such as
phosphatidylethanolamine, that are more abundant in the
inner leaflet (38). Thus, the presence of PUFA in the inner
leaflet would enhance the transfer of cholesterol to the outer
layer, potentially modifying raft composition and function.
Consistent with this scenario, the accumulation of PUFA into
plasma membranes was seen to result in a substantial
redistribution of cholesterol to the outer leaflet (39).

In conclusion, we have completed a series of experiments
that shows cholesterol lies flat in the midplane of 20:4-20:4PC
bilayers. This remarkable change in the orientation of the sterol
molecule in bilayers made up entirely of polyunsaturated acyl
chains represents a dramatic manifestation of the high level of
disorder possessed by PUFA. A reduced energy barrier to
isomerization about the single bonds that separate the multiple
double bonds in the recurring =CH-CH,-CH= motif produces
a rapidly fluctuating conformation (40, 47) that is incompatible
with close approach to the rigid steroid moiety. To fully
understand the interaction of PUFA with cholesterol, additional
factors such as the location and number of double bonds in the
polyunsaturated chain must be considered. They will be the
subject of future experiments.
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